Abstract: Ocean conditions experienced by Pacifi c salmon (Oncorhynchus spp.) during the fi rst winter at sea may aff ect the productivity of Asian and North American populations. We evaluated potential correlations between annual commercial catches of fi ve species of Pacifi c salmon and sea surface temperature anomalies during winter in the Bering Sea and North Pacifi c Ocean (October-April 1982. The strongest correlations were restricted to the region south of the Aleutians (40°-50°N latitude, 160°E-170°W longitude), and were generally stable over time for both Asian and North American salmon. In the Bering Sea, correlations were slightly negative or neutral (close to zero), as expected, given that most juvenile Pacifi c salmon leave the Bering Sea during winter. North Pacifi c waters south of the Aleutians correspond to a known area of high abundance of juvenile salmon in winter. The direction of correlations in this region was generally positive for highly abundant species (pink, chum, and sockeye) and negative for low abundance species (coho and Chinook). These diff erences may refl ect density eff ects between high and low abundance species during their fi rst winter at sea.
INTRODUCTION
Understanding the eff ects of climate and ocean conditions on the annual production of Pacifi c salmon (Oncorhynchus spp.) is an important and challenging issue for fi shery scientists. There is a growing body of scientifi c literature exploring correlations between climate and ocean conditions and the abundance, distribution, feeding, and biological characteristics of Pacifi c salmon (e.g., Beamish et al. 1997 Beamish et al. , 1999 Klyashtorin and Lyubushin 2005; Ruggerone et al. 2007; Kaeriyama et al. 2009; Krovnin et al. 2010; Stachura et al. 2014 , and many others). In earlier research, relations between climate and the production of Asian pink (O. gorbuscha) and chum (O. keta) salmon from 1925 to 2010 were evaluated Tepnin 2011, 2012 ). Results showed a high level of correlation between commercial catches of these species and indices of global and northern hemisphere air or water surface temperature anomalies. Further analyses are needed to explore potential relationships between salmon production and hydrological conditions in the oceanic regions where salmon migrate during periods critical to their marine survival.
Both the early marine (spring-summer) and fi rst ocean winter periods are hypothesized to be critical for regulation of salmon production (Beamish and Mahnken 2001) . The general area of oceanic distribution of Pacifi c salmon species during winter is becoming relatively well known (see Myers et al. 2016 ). In addition, there are some empirical data and many conceptual models related to stock-specifi c distributions of Asian and North American salmon during winter (e.g., Birman 1985; Groot and Margolis 1991; Myers et al. 1996 Myers et al. , 2007 Shuntov and Temnykh 2011) . Nevertheless, the lack of empirical data on salmon during winter in the central part of the Bering Sea and the North Pacifi c Ocean, which is the area of maximum mixing of Asian and North American salmon stocks, is well recognized. Year-to-year variations in distribution of Asian and North American stocks during winter are also uncertain. Neither aggregation density of migrants nor the extent of distributions of Asian and North American salmon into the eastern or western North Pacifi c in winter have been clearly determined. Researchers generally agree, however, that the winter migrations of all Pacifi c salmon species from both continents occur within the region of the North Pacifi c Ocean southward from the Aleutian Islands to approximately 40°N-50°N.
Currently, the majority of researchers support the idea that the eff ects of non-lethal sea temperatures on salmon are indirect. For example, data from long-term investigations based on trawl surveys in the western Bering Sea and northwestern North Pacifi c Ocean indicate no correlation between sea surface temperatures and spatial or density distribution of salmon during their feeding migrations Temnykh 2008, 2011) . Updated information about thermal boundaries of salmon distribution from these investigations has helped to clarify current insights about species-specifi c temperature tolerances. Species-specifi c preferred temperature gradients shown by investigations in the 1960-70s were based on less extensive data (Manzer et al. 1965; Birman 1985) .
Correlation analyses can provide only a singular indication of potential eff ects of climate and ocean conditions on adult salmon production, whereas interactions between living organisms and environment are of a multifactor character. In the case of wintering Pacifi c salmon, water temperature regime variations may aff ect the physiological state of fi sh, development of the forage base, migration activities of pelagic predators, and so on. To improve our limited understanding of the mechanisms of these eff ects, at a minimum, would require complex systemic investigations within the area of salmon wintering in the ocean. It is clear, however, that all the eff ects mentioned above a priori can aff ect survival during this period of life.
A similar diffi culty arises when considering hydrological characteristics at specifi c locations within the North Pacifi c. The hydrology at a specifi c location is always a part of a complex and structurally sophisticated system of regional water exchange. This is why analyzing potential eff ects of sea surface temperatures on Pacifi c salmon production should take into account not only hydrological conditions in the area of dense aggregations of wintering fi sh, but in adjacent waters as well, which may play an important role in the general temperature regime in the area of feeding.
In this paper, we investigate potential relationships between sea surface temperatures at specifi c oceanic locations during the critical winter period and the abundance of adult salmon returns to Asia and North America. Given that most juvenile salmon leave the Bering Sea during winter (e.g., Myers et al. 2007 Myers et al. , 2016 , we expected that salmon production was more likely to be related to temperatures in the North Pacifi c Ocean than in the Bering Sea. Nevertheless, circulation of Bering Sea waters can aff ect thermal conditions in adjacent North Pacifi c waters. Therefore, we explored the relations between sea surface temperature and salmon production in both the North Pacifi c and Bering Sea basins.
MATERIALS AND METHODS
Our study area encompassed a broad area of the North Pacifi c Ocean and Bering Sea between 40-65°N and 150°E-160°W (Fig. 1) . We selected this area because it includes the oceanic area where distributions of Asian and North American stocks of all Pacifi c salmon species are most likely to overlap during the fi rst winter at sea. The area was sub-divided into 19 gridded (5° x 10°) hydrological zones (Fig. 1) . The a priori development of 19 diff erent ocean zones refl ects what we consider the appropriate spatial scale to evaluate potential correlations between continental-scale commercial catches of salmon and sea surface temperatures, given what is known about the winter distribution of salmon (Myers et al. 2016) . For some analyses and discussion, the hydrological zones were grouped into regions: western Pacifi c Ocean (zones 1, 2, 6, 7), central Pacifi c Ocean (zones 3, 4, 8, 9) , eastern Pacifi c Ocean (zones 5, 10), western Bering Sea (zone 15), central Bering Sea (zones 16, 17) , and eastern Bering Sea (zones 18, 19) .
Offi cial statistical data on annual (1983-2013) commercial catches (total number of fi sh) of fi ve species of Pacifi c salmon (pink, chum, sockeye O. nerka, coho O. kisutch, and Chinook O. tshawytscha) , reported to the North Pacifi c Anadromous Fish Commission (NPAFC), were used as a measure of salmon production (Irvine et al. 2009 (Irvine et al. , 2012 NPAFC 2010 NPAFC -2014 . Although data on total weight (biomass) of adult commercial catches are also available from NPAFC, biomass largely refl ects salmon growth during the last summer at sea. Thus, because our study focused on salmon during the fi rst winter at sea, we considered total number of fi sh the most appropriate measure of trends in salmon production for our analyses. At present, commercial catch statistics are the most accurate refl ection of trends in salmon production in the North Pacifi c. Additional data on spawning escapement of wild adult salmon are incomplete and often poorly authenticated. This is especially true for salmon reproduction areas in Russia, as spawning grounds are geographically extensive and reliable escapement data for many areas are unavailable (e.g., Shevlyakov 2006; Makoedov et al. 2009; Bugaev 2011a; Volobuev and Marchenko 2011) .
The catch data for each species were combined into two continental stock groups: Asia (Japan + Russia) and North America (USA + Canada). This approach was used rather than grouping data by country primarily because of the indirect nature of the infl uence of sea surface temperature (SST) on Pacifi c salmon production. For example, one of the most obvious infl uences of temperature on salmon is variability in growth. The water temperature regime may directly infl uence the state of the forage base, indirectly aff ecting the physiological state of the fi sh and its subsequent growth or mortality, and fi nally production. Thus, if temperature is used as a potential indicator of production, we need to account for inertia in the process from individual fi sh to population-level eff ects. In addition while correlations can be shown at the level of regional or local groups of stocks, we lacked suffi cient detailed information on winter distribution and production of salmon at these levels. Thus, we considered analysis at the level of continental stocks to be the most biologically reasonable approach.
The results of previous research revealed a high level of correlation between 1925-2010 catches of Asian pink and chum salmon and indices of global and northern hemisphere air or water surface temperature anomalies Tepnin 2011, 2012) . Because these climate indices are correlated, we decided to use sea surface temperature anomalies (aSST) in the North Pacifi c basin as a factor that directly characterizes variation in temperature conditions within the area of Pacifi c salmon feeding.
During the period of winter salmon feeding, SSTs decrease as heat is released into the atmosphere and convective mixing develops. In oceanic areas far from the coast, the vertical temperature profi les in winter are nearly isothermic at depths < 100 m (Fig. 2) . Thus, aSST (satellite) data rather accurately approximate the thermal conditions of the water column generally inhabited by salmon feeding in winter. This is supported by winter salmon trawl survey data in the western and central North Pacifi c, which show that > 95% of the salmon are aggregated in the 0-to 40-m surface layer (Kuznetsov 2004; Ivanov et al. 2006) .
We developed an annual time series of monthly aSSTs from satellite (NOAA/AVHHR) monitoring data of temperature conditions of the World Ocean that includes bias corrections from in situ observations (sensors aboard ships, buoy sensors (ARGO), weather ships, etc.). In high latitude regions with sparse in situ observations, especially in the Arctic or areas of the Bering Sea covered by sea ice, the bias correction cannot be applied. We did not consider this to be a problem in our analysis because Pacifi c salmon are not known to be distributed in areas covered by sea ice. The historical extent of the annual time series was limited to the start (1982) of regular satellite monitoring of the World Ocean surface. The gridded (1° x 1°) monthly aSST data, obtained by linear interpolation (optimal interpolation in the second version, NOAA OI.v2 SST) of daily fi elds and consequent averaging of daily means by month (Reynolds et al. 2002; Richard et al. 2007) dynamics of temperature conditions during the cold period of the year (October-April), which covers the entire period of winter salmon migrations in the quasi-homogenous upper mixed water layer throughout the study area.
Graphical analyses were used to evaluate the interannual dynamics of aSST and commercial catch data. The annual time series of aSST data for each basin (Bering Sea, North Pacifi c) were analyzed for three longitudinal sub-regions (western, central, and eastern), three seasonal periods-late autumn (October-November), winter (December-Febru- For tests of statistical signifi cance, probability values were corrected for autocorrelation in the data time series using the methods of Pyper and Peterman (1998) . Linear correlation analysis (Pearson's product moment correlation coeffi cient, r, α = 0.05) with correction of test statistics for autocorrelation (Pyper and Peterman (1998) was also used to evaluate the potential relations between the time series of aSSTs during the species' fi rst winter at sea and salmon production (commercial catch). For salmon species that spend only one winter at sea, pink (Heard 1991) and coho (Sandercock 1991; Zorbidi 2010) , the commercial catch data time series were lagged by one calendar year; for example, aSSTs in October-April 1982-1983 were compared to 1983 commercial catches. The remaining salmon species can spend multiple winters at sea. The majority (70-90%) of chum return to spawn after 3-4 winters at sea (Salo 1991; Makoedov et al. 2009 ). For this species, we used a 2-yr moving average with a lag of three calendar years for commercial catch data. For example, aSSTs in October-April 1982-1983 were compared to the average of commercial catches in 1985 and 1986 . Similarly, the majority (> 90%) of sockeye spend 2-3 winters at sea (Burgner 1991; Bugaev 1995 Bugaev , 2011b , and we used a 2-yr moving average with a lag of three calendar years for catch data. Chinook typically spend 2-4 winters at sea (Healey 1991; Bugaev et al. 2007 ), and we used a 3-yr moving average with a lag of two calendar years for catch data. For example, aSSTs in October-April 1982-1983 were compared to the average of commercial catches in 1984-1986. This approach does not permit evaluation of the direct relations between aSSTs and commercial catches, considering that correlation does not imply cause and eff ect, but does allow objective evaluation of long-term dynamics.
In our results and discussion, the strengths of Pearson's (r) correlations were roughly categorized as follows: weak (r = 0.001-0.200), moderate (r = 0.201-0.400), strong (r = 0.401-0.600), and very strong (r > 0.601).
RESULTS
Graphical analyses indicated generally similar interannual dynamics of the average regional sea surface temperature anomalies (aSST) for all seasons and regions (Figs. 3, 4) . The regional-scale correlations between autumn-winter and winter-spring aSSTs were all positive and statistically signifi cant (p < 0.05) ( Table 1 ). Contour plots showed that the greatest diff erences in annual averaged aSSTs were between the northernmost (Bering Sea, 57°50'N) and southernmost (North Pacifi c Ocean, 42°50'N) latitudes (Fig. 5 ).
The averages (ranges) of annual commercial catches of salmon (millions of fi sh) during 1983-2013 by continent and species were as follows: in Asia-pink 137 (43-332), chum 68 (45-93), sockeye 8 (3-20), coho 1 (0.3-3), and Chinook 0.2 (0.03-0.5), and in North America-pink 112 (62-244), chum 19 (11-25), sockeye 48 (25-85), coho 8 (4-14), and Chinook 2 (0.8-4). The correlations between Asian and North American annual commercial catches were not statistically signifi cant for any of the species (Fig. 6) .
The direction, strength, and statistical signifi cance of correlations between commercial salmon catches and aSSTs in the study area varied by species (Tables 2-6 ; Figs. 7-11). For Asian pink catches, signifi cant correlations with aSSTs were positive, stable, and strong in the subarctic and temperate North Pacifi c between 40-50°N and 150°E-170°W (zones 1-4 and 6-9, Table 2; Fig. 7 ). For North American pink catches, only two correlations in the North Pacifi c were statistically signifi cant (autumn, zones 3 and 4, 40°-45°N, 170°E-170W, Table 2 ), indicating no relationship with aSSTs in our study area. None of the correlations in the Bering Sea (zones 15-19) was statistically signifi cant for Asian and North American pink catches (Table 2) . For Asian chum catches, there were no statistically signifi cant correlations, indicating no relationship with aSSTs in the study area (Table 3 ; Fig. 8 ). The statistically-significant correlations for North American chum, all located in North Pacifi c zones between 40-50°N in winter and spring, were positive, stable, and either moderate or strong.
For Asian sockeye catches, statistically signifi cant correlations were positive, stable, and generally strong or very strong for aSSTs in North Pacifi c zones between 40-45°N and west of 180° during autumn and winter (Table 4 ; Fig. 9 ). There were no signifi cant correlations with aSSTs for North American sockeye catches.
There were no signifi cant correlations with aSSTs for Asian and North American coho catches (Table 5 ; Fig. 10 ).
For Asian Chinook catches, there was only one statistically signifi cant (negative) correlation with aSSTs (autumn, zone 2, Table 6 ; Fig. 11 ). North American Chinook catches were signifi cantly (negative) correlated with aSSTs in North Pacifi c zones (40-50°N, west of 170°W) in autumn and winter (stable, strong or very strong correlations). For North American Chinook in the Bering Sea, there was only one statistically signifi cant (negative) correlation with aSSTs (western Bering Sea, Zone 15; Table 6 ).
DISCUSSION

Climatic Zones, SST, and the aSST in the North Pacifi c and Bering Sea
The region encompassing our study area in the Bering Sea and North Pacifi c Ocean covers two climatic zones, subarctic and temperate, and exhibits the maximum range of annual SSTs found throughout the world's oceans (Monin et al. 1978; Kafanov and Kudryashov 2000) .
The subarctic zone covers the major parts of the Bering Sea and the Okhotsk Sea. In autumn and winter the water surface layer cools to the freezing point, and huge ice masses are formed. Salinities rise as the surface layer cools. In summer the sea ice gradually disappears, and the temperature of the narrow upper layer increases to 3-5 °С in the northern part of the zone and up to 10°С in the southern part. The lower water layer (intermediate), formed as a result of winter cooling, stays cold (Miura et al. 2002; Khen et al. 2008) . Thermohaline convection, summer warming and decreasing salinity (30-33‰) due to ice melt, the interaction between the warm Aleutian Current (also called Subarctic Current) and cold subarctic waters determine the relatively high concentration of biogenic substances in the surface waters and high biological productivity in the subarctic zone.
The northern temperate zone covers an extensive water area from Asia to North America and is in an intermediate position between major zones forming cold subarctic and warm subtropical and tropical waters (Burkov 1972) . There are two currents interacting westward from the zones: the warm Kuroshio Current and the cold Kamchatka-Kuril (Oyashio) Current. This mixed fl ow forms the North Pacifi c (Subarctic) Current, spreading extensively and transporting huge water masses and warmth from west to east, being infl uenced by predominating westerly winds. During the year the water temperature in the temperate zone varies over a wide range. In winter it can drop below zero near shores, whereas in summer it can rise up to 15-20°С. Vertical thermal water convection infl uenced by intense winds appears in winter. The subarctic and temperate zones are the location of intense cyclonic activities, mainly determining the intensity of the thermal exchange between the ocean and the atmosphere.
The thermal regime in our study area forms under the notably important infl uence of the Bering Sea ice sheet, covering a rather extensive area in the eastern Bering Sea (Yakunin 1987; Plotnikov 2002; Anonymous 2004) . Significant year-to-year fl uctuations in the Bering Sea ice sheet can strongly aff ect the thermal regime of the entire sea, including via current advection of cold water. The eff ects on waters adjacent to our study area are strongest in the northwestern North Pacifi c and in the Kamchatka-Kuril current, reaching the northern islands of Japan.
Moreover, during the cold period of the year from October to March in the subarctic the role of the exchange processes between the ocean and atmosphere (Batalin 1959) becomes more important. The strength and disposition of the general centers of atmospheric processes form the principal direction of air transport and frequency of intrusions of subarctic or Arctic air masses into the North Pacifi c and Bering Sea (Glebova 2001) .
In general, interannual dynamics of average regional aSSTs were similar for all seasons and regions analyzed (Figs. 3, 4 ; Table 1 ). The western and central parts of the Bering Sea demonstrated very similar interannual dynamics in аSSTs, whereas the eastern Bering Sea demonstrated antiphase dynamics (Fig. 5) . These antiphase dynamics are well known, and can be explained by large-scale features of atmospheric forcing (e.g., Miller et al. 1994) . That is, variations in the intensity of the Aleutian Low simultaneously cause heat fl ux and Ekman transport that, during periods of a strong Aleutian Low, cool the western subarctic and warm the northeastern Pacifi c and eastern Bering Sea.
Moreover, there were periods of low variation in aSSTs in the 1980-90s, a huge increase in the amplitude of aSST fl uctuations in the early 2000s, and reduction in the last decade of observations. In the last decade, there was a substantial negative deviation from the norm in eastern Bering Sea SSTs, and the range of interannual changes in aSSTs in the North Pacifi c Ocean was higher than those during the period of observation as a whole. At a regional level the seasonal dynamics of the deviations in aSSTs were more universal, Table 3 . Correlation coeffi cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c Ocean and Bering Sea and chum salmon commercial catches in Asia and North America, 1982-2013 . Zones are shown in Fig. 1 . Test statistics were corrected for autocorrelation (see Methods). P < 0.05 is statistically signifi cant. Table 4 . Correlation coeffi cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c Ocean and Bering Sea and sockeye salmon commercial catches in Asia and North America, 1982-2013 . Zones are shown in Fig. 1 . Test statistics were corrected for autocorrelation (see Methods). P < 0.05 is statistically signifi cant. Fig. 9 . Maps of the study area showing the spatial distribution of coeffi cient values (r) for correlations between sea surface temperature anomalies (aSST) during the sockeye salmons' fi rst winter at sea and sockeye salmon production in Asia (A, left panels) and North America (B, right panels).
Pearson correlation (r)
-0.800 --0.601 Table 5 . Correlation coeffi cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c Ocean and Bering Sea and coho salmon commercial catches in Asia and North America, 1982-2013 . Zones are shown in Fig. 1 . Test statistics were corrected for autocorrelation (see Methods). P < 0.05 is statistically signifi cant. Table 6 . Correlation coeffi cients (r) for seasonal sea surface temperature anomalies (аSST) by zone in the North Pacifi c Ocean and Bering Sea and Chinook salmon commercial catches in Asia and North America, 1982-2013 . Zones are shown in Fig. 1 . Test statistics were corrected for autocorrelation (see Methods). P < 0.05 is statistically signifi cant. which supports a possible similarity in the character of potential correlations between Pacifi c salmon production and aSSTs throughout the latitudinal span of regional zones. Specifi cs of the general dynamics of aSSTs in all analyzed hydrological zones showed a stable increase in frequency at the turn of the fi rst and second decades of the 2000s. This is especially clear given the background of previous substantial decreases in temperature during 1999. The northern (Bering Sea, 57°50'N) and southern (Pacifi c Ocean, 42°50'N) latitudinal zones demonstrated the greatest diff erences in annual averaged aSSTs (Fig. 5) . The warmest period in the study area in all series of temporal and spatial observations, except the southernmost latitudinal zone, was in 1996-1998. The coldest periods in the North Pacifi c were the winters of 1983-1989 and 1999-2005 . The hydrological situation in the Bering Sea is much more complex due to large diff erences in temperature indices for the western and eastern parts of the basin. For instance, during the last seven years of observations, the eastern Bering Sea demonstrated signifi cant negative deviations from the norm, whereas the negative deviations were closer to the norm and less frequent in the western Bering Sea. The opposite situation was observed from 1998 to 2005.
The Dynamics of Salmon Commercial Catches in Asia and North America
The series of commercial catch data from 1983 to 2013 showed historical peaks in salmon catches at the turn of the fi rst and the second decades of the 21 st century, similar to the peaks in the fi rst third of the 20 th century (Irvine et al. 2009 ). The peaks in salmon production were due to high catches of three species: pink, chum, and sockeye. During 1983 During -2013 , the catches of all three species increased in Asia (Fig. 6) . The catches of pink and chum also increased in North America, but the catch of North American sockeye decreased. The less abundant species (coho and Chinook) demonstrated fewer fl uctuations in catch, and thus the ranges of catch fl uctuations are not as informative. Nevertheless, some decreasing trends in catches of these species were observed for North American stocks. As follows from the catch statistics, fi nding potential correlations between catch and aSST was more likely for the highly abundant species in view of the large fl uctuations in their catches. Given the lack of correlations between the time series of catch observations for Asian and North American stocks, we concluded that evaluation of continental-scale correlations between catch and aSST was a reasonable approach.
Correlation between aSST and Pacifi c Salmon Catches in Asia and North America
Due to the short period of pink salmon feeding at sea (Heard 1991) , hydrological conditions in winter may be a keystone to adult spawner abundance. Our spatial analysis of correlation coeffi cients revealed strong positive correlations between Asian pink catches and aSSTs across the longitudinal range of the subarctic and temperate North Pacifi c (40°-50°N) , which is the known area of distribution of Asian pinks in winter (Takagi et al. 1981) . A similar strong correlation was found for western Kamchatka pink production and aSSTs in the Northern Hemisphere (Krovnin et al. 2010) . This, in addition to the large fl uctuations in Asian pink abundance, supports the non-random character of our results. The pattern of moderate to strong negative correlations in the eastern Bering Sea and the adjacent area of the Aleutian Chain compared to weak positive correlations in the western Bering Sea likely refl ects antiphase dynamics in east-west aSSTs. Myers et al. (2016) review the leading hypotheses about salmon distribution and movements with respect to SST in winter. The lack of any signifi cant correlations, except in the temperate zones of the central North Pacifi c in autumn, for North American pinks is consistent with the fact that their major overwintering grounds are in the Gulf of Alaska eastward from 160°W (Takagi et al. 1981) . Given the diff erences in winter distributions of Asian and North American pinks, we can reasonably conclude that water temperature conditions within the zone that is 5° to 10° of latitude southward from the Aleutian and the Commander islands are clearly and stably correlated only with Asian pink production.
Asian and North American stocks of chum salmon demonstrate the ability to make distant migrations, respectively, into the eastern and western North Pacifi c (Patton et al. 1998; Bugaev et al. , 2014 Urawa et al. 2009 ). During the fi rst winter at sea, the majority of Asian chum are distributed within the area between 40-50°N, 160-180°E, and the majority of North American chum are distributed in the same latitudinal zone, but eastward from 180° (Neave et al. 1976; Urawa et al. 2009; Shuntov and Temnykh 2011) . We suspect that the lack of any apparent relation between aSSTs and Asian chum catches may be a consequence of anthropogenic eff ects after the 1990-2000s, when hatchery production of chum in Japan reached a high level. As a rule, juvenile hatchery chum are fed in the hatchery and released when ocean conditions are favorable and body size is suffi cient to improve survival during the early coastal marine period (Kaeriyama 1989) . As a result of these successful hatchery practices, Japanese hatchery chum are now more abundant than all natural stocks of Asian chum combined (Ruggerone et al. 2010) . Thus, the eff ects of artifi cial production likely obscured any signifi cant relationships between aSSTs and natural production of Asian chum. The relatively high positive correlations between chum catches in North America and aSSTs in the subarctic and temperate Pacifi c study-area zones in winter, undoubtedly indicates similar dynamics in production and aSSTs. Moreover, the relative homogeneity of the Pacifi c Ocean thermal regime across the western, central and eastern portions of our study area provides stability. Thermal conditions in the Bering Sea basin during the fi rst ocean winter do not appear to play an important role in chum production. The negative character of the correlations in the case of Asian chum may be related to the eff ects of the cold Kamchatka-Kuril (Oyashio) current in the western North Pacifi c, where chum aggregations are highly dense.
In the general winter feeding area of sockeye salmon in the subarctic North Pacifi c, 45-50°N and 160°E-180° (Birman 1985; Shuntov and Temnykh 2011) , correlations between aSSTs and Asian sockeye catches were strong and stable, and dynamics in all seasons were similar. An earlier study showed strong positive correlations between water surface temperatures in the Northern Hemisphere and the abundance of western Kamchatka sockeye (Krovnin et al. 2010) , and on the basis of these observations the researchers even suggested using the correlations as a prognostic model. In our view, this idea seems premature because of the potentially multifactorial nature of the correlations and hence a potentially high likelihood of error. We have no clear explanation of the lack of correlations between aSSTs in the study area and catches of North American sockeye. However, our study area did not include the central and eastern Gulf of Alaska, where many North American sockeye stocks are distributed during their fi rst winter at sea (French et al. 1976; Burgner 1991) . Thus, our study area included almost the entire wintering area of Asian sockeye salmon, but only the western portion of the wintering area of North American sockeye salmon.
Coho salmon have the narrowest range of preferred ocean temperatures among all species of Pacifi c salmon (Godfrey et al. 1975 ). However, recent research indicates wider thermal tolerance for this species (Shuntov and Temnykh 2011) , and maximal catches are linked to certain SST gradients. This may be a possible explanation for the negative or neutral weak correlations between the aSST variations and catches of this species in both Asia and North America.
Chinook salmon are the least abundant Pacifi c salmon species, especially in Asia. For this reason, the fl uctuations of Chinook catches in Asia are very low, which makes time series analysis diffi cult. In addition, Chinook never demonstrate dense aggregations during their winter migrations in the North Pacifi c (Major et al. 1978; Shuntov and Temnykh 2011) . The winter feeding area of both Asian and North American stocks extends into the 200-mile economic zones of the USA and Russia (Larson et al. 2013) . Thus, it is diffi cult to provide a simple explanation of the biological basis for the results of our analyses. Nevertheless, North American Chinook catch was positively correlated with winter aSSTs on the eastern Bering Sea shelf, where juvenile western Alaska and Canadian Yukon Chinook rear during their fi rst summer at sea (Murphy et al. 2009 ), and may be indicative of favorable survival conditions for juveniles earlier in the year. The strong negative correlations between Chinook salmon catch and aSSTs in the same North Pacifi c region (40-50°N, west of 170°W) where there were strong positive correlations with catches of Asian pink and sockeye and North American chum suggests possible density eff ects between high and low abundance species.
CONCLUSION
Our research focused on areas of the Bering Sea and North Pacifi c Ocean where distributions of Asian and North American stocks of all Pacifi c salmon species are likely to overlap during the fi rst winter at sea. The correlations between salmon catches and aSSTs during the species' fi rst ocean winter were strongest in North Pacifi c waters between 40-50°N and 160°E-170°W. Moreover, for both Asian and North American stocks the correlations were stable within a large part of this latitudinal zone. The directions of correlations in the Bering Sea were more irregular, and the majority of correlations were slightly negative or neutral (almost zero). In principle, this result was expected given that most juvenile Pacifi c salmon leave the Bering Sea during winter (Myers et al. 2007) .
The direction of correlations between water temperature regime and adult salmon production in the North Pacifi c diff ered between highly abundant species (positive for pink, chum and sockeye) and less abundant species (negative for coho and Chinook). Thus, we cannot exclude the possibility that the density of winter aggregations of salmon can infl uence the relation between temperature and catch. However, given the multi-determinant nature of potential density effects on fi nal stock abundance, our results are insuffi cient to provide a simple mechanistic explanation.
Finally, we caution that correlation between aSSTs in our study area and salmon catch does not imply causation. Our results cannot be interpreted as indicating the presence or absence of a continental stock group in a specifi c hydrological zone. Well-designed fi eld and laboratory experimental studies are needed to better understand the role of sea temperature and other physical, chemical, and biological factors in the stock-specifi c distribution and survival of juvenile salmon during their fi rst winter at sea.
